We present the results of approximately three years of observations of Planck Sunyaev-Zeldovich (SZ) sources with the Russian-Turkish 1.5-m telescope (RTT150), as a part of the optical follow-up programme undertaken by the Planck collaboration. During this time period approximately 20 % of all dark and grey clear time available at the telescope was devoted to observations of Planck objects. Some observations of distant clusters were also done at the 6-m Bolshoy Telescope Azimutal'ny (BTA) of the Special Astrophysical Observatory of the Russian Academy of Sciences. In total, deep, direct images of more than one hundred fields were obtained in multiple filters. We identified 47 previously unknown galaxy clusters, 41 of which are included in the Planck catalogue of SZ sources. The redshifts of 65 Planck clusters were measured spectroscopically and 14 more were measured photometrically. We discuss the details of cluster optical identifications and redshift measurements. We also present new spectroscopic redhifts for 39 Planck clusters that were not included in the Planck SZ source catalogue and are published here for the first time.
Introduction
The Planck all-sky survey is the first survey in which a significant number of galaxy clusters have been detected by means of the Sunyaev-Zeldovich (SZ) effect (Sunyaev & Zeldovich 1972) over all the entire extragalactic sky (Planck Collaboration VIII 2011; Planck Collaboration XXIX 2013) . Since the SZ signal does not suffer from cosmological dimming and is approximately proportional to cluster mass, the Planck SZ galaxy cluster survey contains the most massive clusters in the Universe, and is therefore of unique importance for cluster and cosmological studies.
In this paper, we describe observations with the RussianTurkish 1.5-m telescope (RTT150 1 ). Over three years, approximately 20 % of all clear dark and grey time available at the telescope was used to observe Planck SZ sources. Cluster identification procedures are based on those developed for the 400 deg 2 X-ray galaxy cluster survey (400d, Burenin et al. 2007) , and for an earlier 160 deg 2 survey (Vikhlinin et al. 1998; Mullis et al. 2003) . As was shown with the last two surveys and will be demonstrated below, with 1.5-m class telescopes clusters can be identified at redshifts up to z ≈ 1, and redshifts can be measured spectroscopically for clusters at approximately z < 0.4. Therefore, data taken with such telescopes are sufficient to provide optical identifications and redshift measurements for a large fraction of galaxy clusters detected with Planck.
A large fraction of the cluster identifications and redshift measurements presented in this paper were included in the recently published Planck SZ source catalogue, (Planck Collaboration XXIX 2013) . This companion article presents the details of optical identifications, results of more recent observations at RTT150, and the optical identifications for some Planck cluster candidates below the S/N = 4.5 limit of the Planck catalogue.
The paper is organised as follows. Section 2 describes the RTT150 telescope and the Planck cluster observing programme carried out on it. Sections 3 and 4 review the procedures used for cluster selection and optical identification, and discuss the observations themselves. Finally, Sects. 5 and 6 describe in detail the results of the observations, give examples of cluster identifications, and discuss both individual objects and probable false SZ sources identified in our programme.
The RTT150 telescope
The RTT150 optics are of high quality (Aslan et al. 2001 ) and the telescope site (TÜBİTAK National Observatory, Bakyrlytepe mountain, altitude 2550 m, location 2 h 01 m 20 s E, 36
• 49 ′ 30 ′′ N) has good astronomical weather. We used the TFOSC instrument (TÜBİTAK Faint Object Spectrograph and Camera), a focal-reducer type spectrograph and camera built at Copenhagen University Observatory. This instrument is similar to ALFOSC at the Nordic Optical Telescope (NOT), also used in the Planck follow-up programme of clusters, and to other instruments of this series.
TFOSC is equipped with Bessel, Sloan Digital Sky Survey (SDSS), and other filter-sets. It allows a quick switch between direct imaging and spectroscopic modes, which increases the efficiency of the instrument. The size of the TFOSC field of view in direct-imaging mode is 13. In spectroscopic mode, the instrument allows us to obtain low and medium resolution (500 < ∼ R < ∼ 5000) long-slit spectra. The Planck cluster follow-up programme was started at the RTT150 telescope in the summer of 2011. We present here the results of observations obtained through the spring of 2014. During this period approximately 60 clear dark and grey nights were used. As previously stated, this corresponds to approximately 20% of total amount of dark and grey clear time available at the telescope. This observing time was provided by the Kazan Federal University (KFU) and the Space Research Institute (IKI), operators of the RTT150 from the Russian side.
Additional observations of clusters at high redshift were made with the 6-m Bolshoy Teleskop Azimutal'nyi (BTA) of the Special Astrophysical Observatory of the Russian 1 http://hea.iki.rssi.ru/rtt150/en/ Academy of Sciences, using the SCORPIO spectrograph (Moiseev & Afanasyev 2005) , which is similar in layout and capabilities to the TFOSC instrument at RTT150 and is optimized for spectroscopic observations of faint objects. We used approximately 32 hours of clear weather at the BTA for the Planck cluster follow-up programme.
Planck cluster selection
The Planck catalogue of SZ sources (PSZ1 hereafter, Planck Collaboration XXIX 2013) consists of 1227 sources detected through their SZ effect above S/N=4.5 in the Planck frequency maps. The catalogue contains a large fraction of newly confirmed or previously known galaxy clusters but it also contains un-confirmed cluster candidates. The procedures used for cluster selection and identification in the Planck cluster survey are discussed in detail in Planck Collaboration XXIX (2013) . The main steps are as follows.
Cluster candidates are detected blindly using three different algorithms. The quality of an individual detection is estimated from the significance of the SZ signal, the agreement between the three algorithms, and the frequency spectrum of the cluster candidate.
Cluster candidates are cross-correlated with optical, X-ray, and other SZ catalogues and samples. Detection of X-ray emission from the same hot intracluster gas that Planck detects through the SZ effect provides definitive confirmation. Cluster candidates are therefore checked for counterparts in the ROSAT All Sky Survey (RASS, Voges et al. 1999 Voges et al. , 2000 . Since Planck detects the most massive and the most X-ray-luminous clusters, Planck candidates should be detectable in RASS up to z ≈ 0.3-0.4. Candidates are also checked for counterparts in the Sloan Digital Sky Survey (SDSS, DR8, Aihara et al. 2011 ) and the WISE all-sky survey (Wright et al. 2010) .
Candidates without confirmation from these various steps were sent to observing facilities for follow-up observations to confirm them as clusters and to measure their redshifts. In particular, Planck candidates with low-quality images on DSS red plates 2 or without SDSS information, or with low signal-to-noise ratio in RASS, were imaged to the depth needed for finding an optical counterpart and for determination of a photometric redshift. Candidates with galaxy concentrations in SDSS or with high signal-to-noise ratio in RASS were sent for spectroscopic confirmation.
Optical identifications and redshift measurements
4.1. Surface number density of galaxies
The most straightforward way to identify galaxy clusters in the optical is through detection of an enhanced surface number density of galaxies. The fields of all cluster candidates were inspected on DSS red plates and then in SDSS images if available. On DSS plates, clusters can be identified at redshifts up to about 0.3, while SDSS images allow reliable identifications at redshifts up to redshift around 0.6. To identify more distant clusters, deeper direct images are necessary. For clusters at z ≈ 0.8, therefor a 1.5-m class telescope, images in r ′ and i ′ with approximately one hour exposures are needed. Clusters at z ≈ 1 and higher should be observed at larger telescopes. Examples are given in Fig. 1 . At lower Galactic latitudes, where the density of stars is higher, the galaxy surface density enhancement associated with clusters is easier to detect when stars are excluded 3 .
Red sequence
Spectroscopic redshifts are obtained most effectively from spectra of the brightest galaxies in the central part of the cluster. In order to correctly identify the brightest cluster members, foreground galaxies must be securely rejected. That can be done through detection of a red sequence in the galaxy colourmagnitude relation, formed by early-type cluster member galaxies (Gladders & Yee 2000) . Red galaxies, which form the cluster red sequence, are clearly visible near the centre of clusters, as shown in Fig. 2 , where pseudo colour g ′ r ′ i ′ images of a few Planck clusters obtained at RTT150 are presented. Figure 3 gives an example of a colour-magnitude diagram of galaxies near the centre of the field of a cluster at z = 0.227 (PSZ1 G101.52-29.96, left panel in Fig. 1 ). One can see that observations of red-sequence galaxies in clusters provide an efficient way to identify clusters and their member galaxies.
Observed red-sequence colours can be used to estimate photometric redshifts. For the purposes of this work, photometric redshifts were calibrated using the data of optical observations obtained earlier during the construction of the 400 deg 2 ROSAT PSPC galaxy cluster survey (Burenin et al. 2007 ). The results of this calibration are shown in Fig. 4 . The accuracy of the redshift estimates is δz/(1+z) = 0.027. These preliminary estimates were used mainly for planning observations. Since the accuracy of photometric redshifts is insufficient for accurate cluster mass function measurements, the redshifts for all confirmed clusters should be measured spectroscopically.
Cluster members identified from a red sequence typically form a well-defined concentration of galaxies, with one brightest cD galaxy in the centre (see, e.g., Fig. 1 and the upper left panel in Fig. 2 ). In some cases, multiple cD-like galaxies are observed in the centre of a concentration (see, e.g., the right-hand panels in Fig. 2 ). In some cases, the concentration of cluster galaxies is observed to have two or more peaks, with a few cD-like galaxies at the centre of each peak (see, e.g., the lower left panel in Fig. 2 ). In our work, the optical centres of galaxy clusters were determined from the positions of cD galaxies found in the centres of these concentrations.
Some galaxy clusters are not associated with prominent enhancements in galaxy surface density. Instead, clusters may be dominated in the optical by one giant central galaxy. These rare objects, called fossil groups (Ponman et al. 1994; Vikhlinin et al. 1999; Jones et al. 2003; Voevodkin et al. 2010) , are much less massive than the typical cluster detected by Planck. For example, all 12 fossil systems identified in the emph400d survey (Voevodkin et al. 2010 ) have X-ray luminosities below 10 44 erg s −1 , with corresponding masses below 3 × 10 14 M ⊙ (see, e.g., Vikhlinin et al. 2009 ). Nevertheless, objects similar to fossil groups are detected in the Planck survey at low redshifts. These objects and their member galaxies can still be reliably identified by their red sequences. An example is discussed in Sect. 6.1.
There are also Planck SZ sources where two or more clusters at different redshifts are projected on the sky within a few arcminutes. In those cases, it is not easy to determine the contribution of each cluster to the SZ signal detected by Planck. 3 In our work star-galaxy separation in optical images was performed using SExtractor (Bertin & Arnouts 1996) These, and some other special cases, are discussed in detail below (Sect. 6.2, 6.3).
Spectroscopic redshift measurements
Once cluster members are identified through a red sequence, the redshift of the cluster as a whole can be determined from the brightest galaxies near the centre of the cluster. For regular clusters, we measured the redshift of the dominant cD galaxy. For less regular clusters, we measured redshifts of 3-5 brightest galaxies, selected using the cluster red sequence observations.
High signal-to-noise ratio is not necessary for accurate spectroscopic redshift determination. Even if individual spectral lines are not well-identified, the redshift can be determined accurately by cross-correlation with an elliptical galaxy template spectrum. Figure 5 , for example, shows the spectrum of the brightest central galaxy in a cluster at z = 0.278 obtained with the TFOSC spectrometer, along with χ 2 as a function of z from the crosscorrelation with an elliptical galaxy template spectrum.
Observations
Deep multi-colour observations were obtained for all cluster candidates except those unambiguously detected in SDSS. Images were obtained with the RTT150 telescope and the TFOSC instrument through Sloan g ′ r ′ i ′ filters, typically with 1800 s exposures per filter. Longer exposures were used for cluster candidates with brightest galaxies fainter than m r ′ ≈ 21, i.e., which may be located at redshifts z > 0.7 (e.g., Vikhlinin et al. 1998) . Images were obtained in a series of 300 or 600 s exposures with ≈ 10 ′′ -30 ′′ pointing offsets between exposures. Standard CCD calibrations were applied using Iraf 4 software. Individual images in each filter were then aligned and combined. With these data, galaxy clusters can be efficiently identified at redshifts up to z ≈ 1.
We identified cluster members from a red sequence. Clusters whose photometry indicated z < 0.4 were observed spectroscopically with the RTT150. In some cases, clusters whose photometry indicated redshifts above 0.4 were observed spectroscopically with the BTA 6-m telescope and the SCORPIO spectrometer (Sect. 2).
Results
The list of Planck clusters from the PSZ1 catalogue observed with the RTT150 is given in Table 1 . Clusters identified with the RTT150 that were below the PSZ1 signal-to-noise detection limit of 4.5 σ, and thus not included in the PSZ1 catalogue, are given in Table 2 . Coordinates are given of the cluster optical centres, calculated from the position of cD galaxies. The distribution of cluster optical centre offsets from the SZ positions measured with Planck is shown in Fig. 6 , and is consistent with a two-dimensional Gaussian distribution of width 2 ′ , in agreement with the Planck positional accuracy given in (Planck Collaboration XXIX 2013) .
In total, deep direct images of more than one hundred fields in multiple filters were obtained. Forty-seven clusters newly identified using the RTT150 imaging data are marked in Tables 1  (41) and 2 (6). Redshifts of 65 Planck clusters were measures spectroscopically, including 12 at high redshift measured with the 6-m BTA telescope. Two of these redshifts were published (Burenin et al. 2007 ), which were used for photometric redshift calibration.
in Planck, AMI Collaborations (2013) , and 26 were included in the PSZ1 catalogue (Planck Collaboration XXIX 2013) . Table 1 also gives new spectroscopic redshifts measured at the RTT150 for clusters in the PSZ1 catalogue with previously published photometric redshifts (e.g., Wen, Han & Liu 2012) , and new photometric redshifts estimated from the RTT150 data of 14 clusters still lacking spectroscopic redshifts.
Below, we give examples of the Planck SZ cluster identifications with RTT150 data, showing cases where a 1.5-m-class telescope can be used to identify clusters, while DSS and SDSS data are insufficient for these purposes. We then give notes on some individual objects from Table 1 , discuss complicated cases where more data in SZ or X-rays are needed, and identify some probable false clusters among the objects observed in our programme.
6.1. Cluster identification examples PSZ1 G060.12+11.42: Example of a cluster at low Galactic latitude (b ≈ −11.4
• ). From Fig. 7 , one can see that it is difficult to identify the surface density enhancement of cluster member galaxies here due to the large number of Galactic stars in the field (left panel, i ′ -band RTT150 image). This cluster can be identified using the red sequence in the colour-magnitude diagram (right panel). It cannot be identified in DSS, and there are no SDSS imaging data in this field. Additional imaging data were needed, easily obtained with a 1.5-m class telescope.
PSZ1 G076.44+23.53: Example of a cluster with a brightest cluster galaxy much more luminous than other cluster galaxies. Clusters of this type are usually classified as fossil groups (e.g., Voevodkin et al. 2010 ), see Fig. 8 . This cluster appears as almost a single elliptical galaxy in DSS and most of cluster member galaxies are not detected, since they are much fainter than the brightest galaxy. Such clusters are therefore difficult to identify with DSS even at low redshifts, e.g., at z = 0.169 in this case. There are no SDSS data in this field. Additional imaging data were thus needed to identify this cluster. PSZ1 G048.22-65.03: This cluster is too distant to be identified with DSS (z ≈ 0.42, see Fig. 9 ). It could have been identified at the depth of SDSS, but there are no SDSS data for this field. PSZ1 G084.04+58.75: This cluster is too distant to be identified with SDSS (z = 0.731, see Fig. 10 ).
6.2. Notes on individual objects PSZ1 G066.01-23.30: There is a clear concentration of galaxies that form a well-defined red sequence, shown within the circle in Fig. 11 . However, the offset from the SZ source centroid is large, about 4 ′ , so that there may be astrophysical contamination or some other sources of SZ signal present as well. The spectrum of the central elliptical galaxy in this concentration contains prominent emission lines. From the measured intensity ratio lg([NII]λ6583/Hα) ≈ 0, we conclude that this galaxy contains a narrow-line AGN (Veilleux & Osterbrock 1987) . PSZ1 G070.91+49.26: In addition to a double cluster at z = 0.607, there is also a smaller foreground cluster at z = 0.458 (the redshift was also measured at RTT), which should produce an SZ signal. The positions of these clusters in the field centred on the Planck SZ source coordinates are shown in Fig. 12 . In the published PSZ1 catalogue this SZ source was incorrectly identified with smaller cluster at z = 0.458, which should provide only a weak contribution to the measured SZ signal as compared to the more distant and rich double cluster at z = 0.607. PSZ1 G092.27-55.73: While this object was photometrically identified as a double cluster, redshift measurements show that the two cD galaxies separated by 3.
′ 4 (Fig. 13 ) are located at significantly different redshifts, z = 0.3487 and z = 0.3387. The redshift difference is probably too large for a single gravitationally bound object, therefore, this SZ detection likely consists of two projected clusters. It is impossible to separate the members of these two clusters in a photometric red sequence due to their close redshifts. To estimate the richness of each cluster, additional X-ray observations are required or, even better, spectroscopic measurements. PSZ1 G100.18-29.68: In addition to a rich galaxy cluster at z = 0.485, there are also a few foreground elliptical galaxies at z = 0.178, indicated with the arrows in Fig. 14. These galaxies can also be identified in the upper right panel of Fig. 2 as ones with bluer colours than the member galaxies of the present cluster.
PSZ1 G109.14-28.02: In addition to the rich galaxy cluster at z = 0.457, there are two galaxy groups at z = 0.234 (the redshift of one of these groups was also measured spectroscopically at RTT150), a nearby elliptical galaxy at z = 0.0418 (2MASX J23524477+3319474), and a bright star in the field (Fig. 15) . The main part of the SZ signal detected by Planck is most probably produced by the rich cluster at z = 0.457; however, other objects may also affect the photometry of the detected SZ source. PSZ1 G227.89+36.58: This cluster is at z ≈ 0.47. There is also a foreground group offset by about 4 ′ to the SW at z = 0.2845 (ZwCl 0924.4+0511, MaxBCG J141.76983+04.97937). From comparison of optical richnesses, we conclude that the cluster at z ≈ 0.47 is much more massive, and should produce most of the SZ signal detected by Planck. The SZ photometry, however, may be affected by the foreground group.
Complicated cases
In a few cases, optical data are not sufficient to reliably identify observed SZ sources. In order to determine the nature of these objects, additional SZ or X-ray data are needed. PSZ1 G103.50+31.36: This SZ source may be identified with an irregular group of galaxies (Fig. 16) . Its redshift can be estimated photometrically as z ≈ 0.238; however, the very bright star HR 6606 (m V = 5.8) is located at the edge of the field, about 5.
′ 6 from the Planck position. HR 6606 is detected by Planck with flux density about 1 Jy at 857 GHz (Planck Collaboration XXVIII 2013) , and probably affects the photometry of the detected SZ source, artificially increasing its significance.
PSZ1 G115.70+17.51: There is a group of galaxies with red sequence colour corresponding to a redshift of z ≈ 0.50 near the centroid of the SZ detection (Fig. 17) , and also a few galaxies at z = 0.1112 (measured spectroscopically at RTT). Hovewer, there is a lot of Galactic cirrus in the field, as well as a very bright star (HR 8550, m V = 6.8) approximately 7 ′ from the SZ position, which is detected by Planck at 857 GHz (where the expected SZ increment is negligible) at about 10 Jy (Planck Collaboration XXVIII 2013) . Both the cirrus and the star likely affect the SZ signal detected by Planck.
We obtained deep r ′ and i ′ images with the RTT150 for nine more objects from the PSZ1 cluster catalogue (G037. 67+15.71, G115.34-54.89, G115.59-44.47, G146.00-49.42, G159.26+71.11, G167.43-38.04, G184.50-55.73, G194.68-49.73 , and G199.70+37.01) and for 30 sources from intermediate versions of the Planck catalogue that were eventually not confirmed as part of the PSZ1 catalogue. Out of the nine sources from the PSZ1 catalogue, in four cases (G037. 67+15.71, G159.26+71.11, G184.50-55.73 , and G199.70+37.01) we detected a few elliptical galaxies in the field, which, however, cannot be identified as a galaxy cluster on the basis of our data. In the other cases, bright stars (G115. ) most probably affect the measurements. We conservatively maintained these objects in the PSZ1 catalogue; however, they will need to be assessed in the future by additional observations, in particular in X-rays.
Conclusions
This article is a companion paper to the Planck catalogue of SZ sources published in Planck Collaboration XXIX (2013) . We present here the results of approximately three years of optical observations of Planck SZ sources with the Russian-Turkish 1.5-m telescope. Approximately 60 clear dark and grey nights -20 % of the total clear dark and grey time at the telescope during that period -were used for these observations. We also used approximately 32 hours of clear weather at the BTA 6-m telescope of the SAO RAS. In total, deep direct images were obtained of more than one hundred fields in multiple filters. We identified 47 previously unknown clusters, 41 of which were included in the PSZ1 catalogue, and selected galaxies to be used in determining cluster redshifts. We measured redshifts of 65 Planck clusters, including the redshifts of 12 distant clusters measured at the 6-m BTA telescope. Thirty-one of these redshifts were measured after publication of the PSZ1 catalogue (Planck Collaboration XXIX 2013) and are published here for the first time. For 14 more clusters, we give photometric redshift estimates. Some clusters with only a few elliptical galaxies or with possible contamination by stars and galactic dust have been kept in the PSZ1 catalogue.
We identified six cases of projections (see Sect. 6.2) among the clusters identified in our work. A similar result was obtained earlier with a sample of Planck clusters validated using XMMNewton X-ray observations (Planck Collaboration Int. IV 2013) . The fraction of projected clusters seems to be higher than in other surveys. For example, only six out of about 200 clusters, either in the 400d X-ray galaxy cluster survey (Burenin et al. 2007) or in the South Pole Telescope SZ survey (Reichardt et al. 2012) , are detected at < 10 ′ angular separation. We emphasize that the sub-sample of Planck SZ sources studied in our work is not statistically representative in any sense. The sources observed at the RTT150 were selected from different versions of the Planck SZ source catalogue during a two-year period. It is therefore impossible to quantify biases in the selection of sources from the Planck catalogue for followup in this programme. If a high fraction of projections is determined in a statistically representative sample of Planck clusters, it would imply that the detection probability of projected clusters is significantly enhanced in the Planck data, and that projection effects should be taken into account in statistical calibration of the Planck catalogue.
In particular, it is not possible to estimate a fraction of false sources in the Planck SZ survey from the RTT150 sample only. We might expect this fraction to be larger in the RTT150 sample than in the full PSZ1 sample, since a large number of "good" clusters immediately identified in the PSZ1 sample using DSS and SDSS data were excluded from the RTT150 sample. But, on the other hand, targets for observations were selected to confirm candidates suspected of being clusters on the basis of other optical and IR data.
The RTT150 images typically reach m i ′ = 23 mag. Our study shows that imaging data from a 1.5-m class telescope can be used successfully to identify clusters below the SDSS limit (z ≈ 0.6) at redshifts up to z ≈ 1, and also in fields where no SDSS imaging data exist, e.g., at low Galactic latitudes in the North. A negative result in our optical identification programme does not necessarily mean that an SZ detection is false. Yet more distant clusters may be identified using better optical data and also with better data in the SZ and X-ray domains. Follow-up programmes are now also runming at other telescopes -NOT, INT, GTC, TNG, WHT, NTT, and others -and optical identifications of Planck cluster candidates could be completed within a few years. Fig. 15 . PSZ1 G109.14-28.02 RTT150 i ′ -band image. In addition to the rich cluster at z = 0.457, there are also two galaxy groups at z = 0.234, a nearby elliptical galaxy at z = 0.0418, and a bright star in the field. Fig. 16 . PSZ1 G103.50+31.36 RTT150 i ′ -band image centred on the coordinates of the SZ source detected by Planck, identified with the galaxy group shown in the circle. However, there is also a very bright star (m V = 5.8) at the edge of the field, 5.
′ 6 from the Planck position and detected by Planck, which most probably affects the SZ signal.
Planck Collaboration: Planck SZ source catalogue: Optical identification using RTT150 telescope Fig. 17 . PSZ1 G115.70+17.51 RTT150 i ′ -band image, centred on the coordinates of the SZ source detected by Planck, which may be identified with the galaxy group shown in the circle. However, there are Galactic cirrus clouds throughout the field, and a very bright star (m V = 6.8) about 7 ′ away, which most probably affect the SZ signal.
